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Equi-atomic FeRh is a very interesting material as it undergoes a magnetostructural transition from an 
antiferromagnetic (AF) to a ferromagnetic (FM) phase between 75–105 °C. Its ability to present phase 
co-existence separated by domain walls (DWs) above room temperature provides immense potential 
for exploitation of their DW motion in spintronic devices. To be able to effectively control the DWs 
associated with AF/FM coexistence in FeRh thin films we must fully understand the magnetostructural 
transition and thermomagnetic behaviour of DWs at a localised scale. Here we present a transmission 
electron microscopy investigation of the transition in planar FeRh thin-film samples by combining 
differential phase contrast (DPC) magnetic imaging with in situ heating. We perform quantitative 
measurements from individual DWs as a function of temperature, showing that FeRh on NiAl exhibits 
thermomagnetic behaviour consistent with the transition from AF to FM. DPC imaging of an FeRh 
sample with HF-etched substrate reveals a state of AF/FM co-existence and shows the transition from 
AF to FM regions proceeds via nucleation of small vortex structures, which then grow by combining with 
newly nucleated vortex states into larger complex magnetic domains, until it is in a fully-FM state.
Equiatomic iron-rhodium (Fe48Rh52 to Fe56Rh44) has attracted considerable attention due to its magnetostructural 
transition from its antiferromagnetic (AF) to ferromagnetic (FM) phase1. This ordered α’ alloy adopts a CsCl 
structure and undergoes a first-order phase transition from its room-temperature AF state to FM between ~75 to 
105 °C, and can hence present phase AF/FM co-existence and hysteresis2. The co-existing phases are separated by 
a phase-boundary domain wall (DW) and effective control over the creation and motion of these phase-boundary 
DWs are considered desirable for potential application in a new generation of novel nanomagnetic or spintronic 
devices3. Previous studies have shown that the DWs can be created and driven in FeRh films by combining heat-
ing with differential gradients of chemical doping4,5. However, our knowledge of the dynamic behaviour of DWs 
in FeRh is often limited to bulk magnetic measurements or low magnification imaging (resolution in the order of 
10 s of nm), i.e. magnetic force microscopy6,7, x-ray magnetic circular dichroism (XMCD)7. For example, XMCD 
photoelectron emission microscopy (PEEM) has been used to observe the phase coexistence in FeRh thin films 
and to show the first order transition from the nucleation of domains regime to be distinct from the domain 
growth regime4,8. The magnetostructural transition has also been followed in situ through scanning electron 
microscopy with polarisation analysis (SEMPA) and suggested that the interfacial ferromagnetism coexisting with 
the AF phase inside the film is an intrinsic property of the FeRh (001) surface9. Nevertheless, these techniques are 
often limited to a spatial resolution of ~20–30 nm in typical cases10,11 and ~5 nm for SEMPA in specialised SEM 
instruments12, as well as being restricted in penetration depth to a few nm10,13. These experimental limitations 
prevent imaging of the localised dynamic evolution of the aformentioned nucleation and growth stages of the 
magnetostructural transition, as well as precise quantitative analysis from individual domains. Hence, in order to 
fully understand the magnetostructural transition and dynamic motion of DWs in FeRh thin films, it is necessary 
to investigate their associated mechanisms at an even more localised scale through their entire thickness, whilst 
applying external stimuli, i.e. in situ heating.
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Significant advances in knowledge are potentially enabled using the transmission electron microscopy 
(TEM) techniques of Fresnel imaging14,15, off-axis electron holography16–19 and differential phase contrast 
imaging (DPC)20–22, which allow for the visualising of magnetic induction down to ~1 nm spatial resolution. 
Electron holography has been combined with in situ cooling and heating to investigate the magnetisation of a 
cross-sectional FeRh thin film, revealing an inhomogeneous spatial distribution of the transition temperature 
along the growth direction, as well as a regular spacing of the nucleated FM domains23. However, preparation 
of cross-sectional TEM lamellae is inherently destructive and the thermomagnetic behaviour of the thinned 
FeRh samples is not representative of their original two-dimensional (2D) magnetic state, with shape anis-
tropy becoming a more dominant factor. Indeed, high quality 2D planar view magnetic thin films have been 
produced for magnetic imaging within the TEM24. Further, the development of TEM holders which include 
micro-electro-mechanical systems (MEMS) has led to the ability to apply a range of external stimuli to samples 
in situ within the TEM, i.e. temperature, electrical bias, etc., whilst maintaining stability and minimising drift25. 
Only until very recently, limited work had been reported on the preparation of planar magnetic films on MEMS 
chips for in situ TEM studies26. Accordingly, combining high-resolution (HR) magnetic imaging in the TEM with 
newly developed in situ methods can provide fundamental insight into the intricate details of the magnetostruc-
tural transition in planar-view FeRh thin films.
The scanning TEM (STEM) technique of DPC imaging permits down to ~1 nm spatial resolution imaging of 
magnetic induction within nanostructured thin films as a function of applied electric and magnetic fields, as well 
as temperature27. This is the only technique that is presently able to provide both HR images of DW motion in 
thin magnetic films in situ within the TEM and quantitative measurements of spatial induction variation from 
the DWs, directly. In this study, we perform several STEM techniques to examine the localised chemical, struc-
tural and magnetic properties of FeRh films grown epitaxillay grown on MgO substrates or NiAl buffer lay-
ers. Cross-sectional and planar FeRh samples have been prepared from bulk substrates by focused ion beam 
(FIB) methods or HF-etching of the substrates. Comparison is made between the integrity of the planar FeRh 
TEM samples prepared via different methods and the ability to perform quantitative measurements of magnetic 
induction from DWs using DPC imaging, as a function of temperature. Here we show the evolution of magnetic 
domains and the subsequent AF/FM phase co-existence in a FeRh film during in situ heating, and mechanisms of 
the AF to FM phase transition are proposed.
Results
A series of ordered α’-FeRh alloy thin films were grown epitaxially on a clean (001) MgO substrate or (001) NiAl 
buffer layer on GaAs substrate by conventional DC magnetron sputter co-deposition, as described previously28. 
Cross-sectional and planar FeRh TEM samples were prepared from their bulk substrates and transferred onto in 
situ heating (DENSsolution WildfireTM) electronic (e−) chips by Ga+ FIB methods26. An additional planar FeRh 
TEM sample was prepared through a process of HF-etching of AlAs, GaAs and NiAl buffer layers, as well as GaAs 
substrate29, and subsequently transferred onto Cu TEM grids for the purpose of in situ heating using a Gatan 
heating TEM holder. The variation in FeRh samples is aimed at exploring the most suitable FeRh/substrate com-
bination for TEM examination of the magnetostructural transition. The reasoning for the selection of samples is: 
MgO is a commonly-used substrate for FeRh growth; NiAl can act as a conductive pathway with a long-term view 
for potential device construction; and the HF-etched sample provides a large planar FeRh thin film without the 
presence of a substrate. For simplicity, the samples are labelled as follows:
•	 Sample 1: FeRh thin film on MgO substrate (cross-sectional and planar TEM samples);
•	 Sample 2: FeRh thin film on NiAl buffer layer/GaAs substrate (cross-sectional and planar TEM samples);
•	 Sample 3: HF-etched FeRh thin film (planar TEM sample).
To provide an overview of the magnetostructural transition in the FeRh thin films, Fig. 1 presents SQUID 
Vibrating Sample Magnetometer measurements of samples 1–3 as a function of temperature. Sample 1 exhibits 
a sharp increase in magnetisation from the AF phase at ~60 °C to the FM phase ~370 emu/cc at ~100 °C, with a 
noticeable asymmetrical hysteresis curve, where the reduction of magnetisation occurs at ~65 °C on cooling. The 
onset of the transition in Sample 2 occurs at a slightly higher temperature of ~75 °C and stabilises ~1120 emu/
cc at ~115 °C, whilst exhibiting a more symmetrical hysteresis curve, with reduction in magnetisation initiating 
Figure 1. (a–c) Magnetisation (M) vs. temperature (T) plots for the FeRh thin films in samples 1–3, 
respectively.
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at ~90 °C on cooling. Sample 3 exhibits an increase in magnetisation at ~60 °C and stabilises ~1060 emu/cc at 
~100 °C, with a ~20 °C difference in the symmetric hysteresis curve on cooling. All three samples present hystere-
sis, as expected with a first-order transition, but it is noteworthy that the FeRh samples synthesised on NiAl buffer 
layers (samples 2 & 3) exhibit a small moment in the AF state, as well as a significantly higher magnetisation in the 
FM state (~1100 emu/cc) compared to the FeRh on MgO (sample 1, ~380 emu/cc). It is also considered that since 
the FeRh thin films in samples 1 and 2 are clamped to their respective substrates, the change in lattice parameter 
of the FeRh is more reliant on the thermal expansion of the MgO substrate or NiAl buffer layer. This produces a 
larger hysteresis compared to the FeRh thin film in sample 3, which is less restricted to provide a thermomagnetic 
response.
Figure 2 presents a cross-sectional and planar view of the FeRh thin film in sample 1, providing information 
on its thickness, chemical distribution and interface with the MgO substrate. The dark-field (DF) STEM image 
of Fig. 2a reveals the FeRh film to be grown with a uniform thickness of ~53 nm, whilst the electron energy-loss 
spectroscopy (EELS) chemical maps (Fig. 2b) acquired from the boxed region (red) in Fig. 2a display the elemen-
tal distribution of rhodium, iron and oxygen. The HR STEM image of Fig. 2c presents the interface between the 
single crystalline FeRh and MgO substrate, revealing their well-matched orientation and confirming the epitaxial 
growth of the deposited FeRh. A planar view of sample 1 is shown in the bright-field (BF) TEM image of Fig. 2d, 
displaying an electron transparent region ~7 µm long and ~4 µm wide. The selected area electron diffraction 
(SAED) pattern (Fig. 2d, inset) confirms the FeRh film is single crystalline and grown epitaxially on the MgO 
substrate. Figure 2e presents the thickness map acquired from the boxed region (red) in Fig. 2d, calculated from 
the low-loss EELS spectrum imaging, where the relative thickness ranges from ~125 nm on the left-hand side to 
~65 nm on the centre of the right-hand side.
In a similar fashion to Fig. 2, Fig. 3 presents a cross-sectional and planar view of the FeRh thin film in sample 
2. The DF STEM image of Fig. 3a reveals the FeRh film to be grown with a comparatively non-uniform thickness 
(average of ~50 nm) on the NiAl buffer layer (~40 nm thick) and GaAs substrate. The energy dispersive X-ray 
(EDX) spectroscopy chemical maps (Fig. 3b) acquired from the boxed region (red) in Fig. 3a display the elemen-
tal distribution of rhodium, iron, nickel, aluminium, arsenic and gallium. Figure 3c presents a HR STEM image 
of the interface between the single crystalline FeRh and NiAl buffer layer, again confirming the epitaxial growth 
of the deposited FeRh. A planar view of sample 2 is shown in the DF TEM image of Fig. 3d, displaying an electron 
transparent region ~9.5 µm long and ~4 µm wide that exhibits relatively mottled contrast in comparison to sample 
1. Again, the SAED pattern (Fig. 3d, inset) confirms the FeRh film is single crystalline and grown epitaxially on 
the NiAl substrate. Figure 3e presents the thickness map acquired from the boxed region in Fig. 3d, where the 
Figure 2. (a) DF STEM image of a cross-section of sample 1, showing the FeRh thin film grown on the MgO 
substrate. (b) EELS chemical maps acquired from the box region in (a) displaying the elemental distribution of 
rhodium, iron and oxygen. (c) HR STEM image showing the localised structure of the epitaxially grown FeRh 
and its interface with the MgO substrate. (d) BF TEM image of the planar view of sample 1, with the SAED 
inset. (e) Thickness map of sample 1 calculated from the low-loss EEL spectrum acquired from the boxed region 
in (d).
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relative thickness ranges from ~135 nm at top left and bottom edges, to ~60 nm on the centre of the left-hand side, 
and coincides well with the mottled contrast seen in Fig. 3d.
Figure 4 presents a planar view of the HF-etched FeRh thin film (sample 3), providing details of its surface, 
morphology, chemistry and relative thickness. The DF STEM image of Fig. 4a reveals the FeRh thin film to exhibit 
a non-uniform surface and morphology, with variations in contrast attributed to an inconsistent thickness and 
debris on the surface. The EDX chemical maps (Fig. 4b) acquired from the boxed region (red) in Fig. 4a display 
the elemental distribution of iron, rhodium and arsenic, revealing a relatively uniform distribution of rhodium 
and iron, along with concentrated areas of arsenic. The arsenic-rich areas coincide well with the surface debris 
in Fig. 4a and are considered to be caused by the HF-etching process. Figure 4c presents a DF image of a large 
square area (~2.8 µm x ~ 2.8 µm) of sample 3 and the SAED pattern (Fig. 4c, inset) confirms the HF-etched FeRh 
film is single crystalline. Figure 4d presents the thickness map acquired from the entire region of Fig. 4c, where 
the relative thickness ranges from ~65 nm at the red spots, thought to be arsenic-rich debris dispersed randomly 
across the thickness of the sample, to a more uniform thickness of ~45–50 nm.
Figure 5 presents DPC images acquired from planar TEM views of sample 1 and sample 2 during in situ heat-
ing, providing information of magnetic domain structures of the FeRh thin films. The DPC image of sample 1 
heated to 200 °C (Fig. 5a) displays its intricate magnetic domain structure with direction of magnetic induction 
denoted by the colour wheel (inset). Similarly, the DPC image of Fig. 5b shows the magnetic domain structures 
of sample 2 heated to 150 °C. In both cases, the magnetic domain structures present are observed to be rela-
tively complicated, with the magnetic contrast considered to include contributions from thickness variations 
and diffraction contrast, making direct quantitative measurements of magnetic induction challenging. This is 
Figure 3. (a) DF STEM image of a cross-section of sample 2, showing the FeRh thin film grown on the NiAl 
buffer and GaAs substrate. (b) EDX chemical maps acquired from the box region in (a) showing the elemental 
distribution of rhodium, iron, nickel, aluminium, arsenic and gallium. (c) HR STEM image showing the 
localised structure of the epitaxially grown FeRh and its interface with the NiAl buffer layer. (d) DF TEM 
image of the planar view of sample 2 revealing some mottled contrast, with the SAED inset. (e) Thickness map 
of sample 2 calculated from the low-loss EEL spectrum acquired from the boxed region in (d), with thickness 
variation coinciding with mottled contrast in (d).
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demonstrated by the noisy line profiles (Fig. 5c,e) and average profiles (Fig. 5d,f) of the local deflection angle of 
the electron beam, βl, acquired from the black outlined regions in Fig. 5a,b.
In order to aid quantitative measurements, Fig. 6 presents a series of DPC images of sample 1 in planar view at 
200 °C and demonstrates the ability to drive domain walls using the magnetic field of the objective lens whilst in 
the FM phase. For the purpose of accurate measurements, all DPC images of Fig. 6 are sensitive to the component 
of magnetic induction indicated by the double-headed blue arrow in Fig. 6a. The DPC image of Fig. 6a shows 
sample 1 after tilting to +23° in the x-direction (rotation around the TEM sample rod axis, inset) and applying 
an in-plane magnetic field of 50mT (labelled by the green arrow) using the objective lens, and then removing the 
Figure 4. (a) DF STEM image of the HF-etched planar FeRh thin film (sample 3). (b) EDX chemical maps 
acquired from the box region in (a) showing the distribution of iron, rhodium and arsenic. (c) DF STEM image 
of sample 3 showing small white spots dispersed randomly across the thin film, with the SAED (inset). (d) 
Thickness map of sample 3 calculated from the low-loss EEL spectrum acquired from the entire area of (c), with 
small regions of large thickness coinciding with the spots seen in (c).
Figure 5. (a,b) DPC imaging of the planar FeRh thin films when heated in situ to (a) 200 °C (Sample 1); and (b) 
150 °C (Sample 2). The direction of magnetisation is depicted in the colour wheels (inset). (c–f) Measurements 
of βl taken across (c,e) line and (d,f) average profiles along the arrows and boxed regions (black) in (a) and (b).
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magnetic field and tilting to −23° about the x-direction. The tilt angle is changed from +23° to −23° in order to 
apply an in-plane component magnetic field in the opposite direction (and hence the green arrow faces the oppo-
site direction in Fig. 6b–f). Figure 6b displays nucleation and movement of a DW on the left-hand side (arrowed) 
under application of an in-plane field of 16 mT at −23° in the x-direction. Nucleation of an additional DW can be 
seen on the right-hand side of sample 1 when the in-plane field is increased to 22mT (Fig. 6c). As the strength of 
the in-plane field is increased to 25 mT, 27 mT and 37 mT (Fig. 6d–f, respectively), the DWs are driven towards 
the centre of the planar sample and well-resolved, parallel DWs considered desirable for quantitative analysis are 
observed (Fig. 6f). The DPC image of Fig. 6g presents parallel DWs with straight regions (red box) that meas-
urements of deflection angle, βl, can be made in the form of average line profiles (Fig. 6h). The deflection angle, 
βl, across the DW can then be used to calculate the integrated induction, Bst, in the magnetic domains using the 
equation:
B t h
e (1)s
lβ
λ
=
where Bs is the saturation induction, t is the thickness of the magnetic thin film (measured from their cross sec-
tional TEM lamellae), h is Plancks constant, e is the magnitude of electronic charge and λ is the electron wave-
length. Note that we assume the film has the same structure through its thickness; hence Bst ∝ βl.
Figure 7 presents the thermomagnetic behaviour of magnetic domains/DWs in sample 1 as a function of tem-
perature. The DPC image of Fig. 7a shows well-resolved DWs at 20 °C and for the purpose of quantitative meas-
urements a 100-line average profile was measured across the right-hand side DW (boxed region, red). Successive 
Figure 6. (a) DPC image of sample 1 in planar view after x-tilting to +23° (shown in top left) and applying an 
in-plane magnetic field of 50 mT (arrowed, green), and then x-tilting to −23°. (b–f) DPC images of sample 1 in 
planar view x-tilted to −23° and applying in-plane magnetic fields of (b) 16 mT; (c) 22 mT; (d) 25 mT; (e) 27 mT; 
and (f) 37 mT (arrowed, green), inducing the movement of the DWs (arrowed, white). (g) DPC image of DWs 
used for measurement of βl in the form of (h) average line profile taken across the boxed region (red) in (g). All 
DPC images are sensitive to the component of magnetic induction indicated by the double-headed blue arrows 
in (a).
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measurements were taken during in situ heating at 100 °C, 200 °C and 300 °C (Fig. 7b–d). Figure 7e reveals a 
noticeable decrease in contrast between the magnetic domains at 400 °C, suggesting a loss of spontaneous mag-
netic induction with temperature. The DPC image of Fig. 7f exhibits a change in position of the right-hand side 
DW compared to Fig. 7e (arrowed), and indicates a thermally-induced movement of the DW as the FeRh thin 
film approaches its TC. Figure 7g presents the saturation induction of sample 1 as a function of temperature, cal-
culated using equation (1) and βl measured from the same DW (boxed region in Fig. 7a) at temperature intervals 
between 20 °C to 425 °C. The error bars denote a standard deviation of ±5% in the measured βl values and was 
calculated directly from the line profiles using Digital Micrograph. At this point, it is worth noting that the ther-
momagnetic behaviour of sample 1 shown in Fig. 7g is not consistent with its corresponding SQUID measure-
ments from the entire thin film of sample 1 (Fig. 1a). This is considered to be due to the TEM sample preparation 
and is addressed in more detail in the Discussion.
Similarly to Fig. 7, Fig. 8 presents the thermomagnetic behaviour of the magnetic domains/DWs in a plan 
view of sample 2 as a function of temperature. Figure 8a displays a DPC image acquired at 20 °C, which in the bulk 
sample would be in the AF phase (Fig. 1b), and the DWs are observed to be markedly noisy compared to sample 
1 (Fig. 7a). Nevertheless, a 100-line average profile was also measured across the right-hand side DW (boxed 
region, red). The DPC image of Fig. 8b exhibits a slight increase in contrast during in situ heating to 80 °C, which 
then becomes more pronounced in Fig. 8c–e during heating to 120 °C, 200 °C and 300 °C, respectively. Figure 8f 
reveals a subsequent decrease in contrast at 400 °C, again suggesting a loss of spontaneous magnetic induction 
as the FeRh thin film approaches its TC. Using the same methodology as Fig. 7g, Fig. 8g presents the saturation 
induction of sample 2 as a function of temperature, using direct measurements from the DPC imaging at tem-
perature intervals between 20 °C to 430 °C. The error bars denote a standard deviation of ±8% in the measured βl 
values and was calculated directly from the line profiles using Digital Micrograph. This plot is consistent with the 
thermomagnetic behaviour of the SQUID measurements from the entire thin film of sample 2 shown in Fig. 1b. 
In a separate experiment, we observed hysteresis in saturated induction measured from a DW during heating to, 
and cooling from, 300 °C, that was also in good agreement with Fig. 1b.
Figure 9 presents the thermomagnetic behaviour of sample 3 as a function of temperature, providing information 
on the nucleation and growth dynamics of domains in the FeRh thin film as it undergoes its transition from AF to 
FM. Fast Fourier transform smoothing was performed to minimise the presence of high spatial frequency As-rich 
debris so that the DPC images are representative mainly of the magnetic induction in the FeRh thin film (described 
in more detail in the supplementary information (SI), Figs S1 and S2). The DPC image of Fig. 9a reveals the presence 
of a magnetic domain structure (arrowed) when heated to 80 °C, whilst most of the sample is considered to be in the 
AF state and are represented by the black regions, where no magnetic deflections are detected. The observed AF/
FM boundary is similar to the edge of a FM nanostructure patterned in a non-magnetic film20 and hence the vortex 
state within the nanostructure is consistent with the reduction of magnetostatic energy at this boundary. This is also 
consistent with the circumstances that a nanoscale magnetic cylinder will form a vortex if it is thick enough and has 
a large enough diameter30. Micromagnetic modelling included in the SI (Fig. S3) further reinforces the energetics of 
the domain structure in this system of AF/FM coexistence at this early stage of the magnetic transition. As the FeRh 
Figure 7. (a–f) DPC images of magnetic domains/DWs in sample 1 at (a) 20 °C; and during in situ heating to 
(b) 100 °C; (c) 200 °C; (d) 300 °C; (e) 400 °C; and (f) 420 °C. (g) Graph of saturation induction as a function of 
temperature, calculated using direct measurements of βl from the DW in the boxed region (red) defined in (a).
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thin film is heated to 90 °C (Fig. 9b), the magnetic domain highlighted in Fig. 9a is observed to grow and additional 
small vortex structures are seen to nucleate at scattered positions (arrowed). Heating to 95 °C (Fig. 9c) induces 
further nucleation of vortex structures (arrowed) and their agglomeration into an intricate system of interacting 
magnetic strings. The DPC image of Fig. 9d reveals the formation of well-resolved, uniformly-magnetised domains 
Figure 8. (a–f) DPC images of magnetic domains/DWs in sample 2 at (a) 20 °C; and during in situ heating to 
(b) 80 °C; (c) 120 °C; (d) 200 °C; (e) 300 °C; and (f) 400 °C. (g) Graph of saturation induction as a function of 
temperature, calculated using direct measurements of βl from the DW in the boxed region (red) defined in (a).
Figure 9. (a–d) DPC imaging of sample 3 during in situ heating, showing (a) presence of a magnetic domain 
structure at 80 °C (arrowed); (b) growth of magnetic domain in (a) and nucleation of vortex structures at 90 °C 
(arrowed); (c) nucleation of vortex structure (arrowed) and agglomeration into interacting magnetic strings 
at 95 °C; (d) formation of well-solved magnetic domains at 100 °C. (e) DPC image of small vortex structures at 
80 °C and (f) an unsmoothed constituent component of magnetic induction, indicated by the double-headed 
blue arrows. (g) 40-line average profile taken across the red boxed region in (f).
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at 100 °C, which make up a complex magnetic network and is considered to be in a fully-FM state. The high mag-
nification DPC image of Fig. 9e shows a localised view of the small vortex domain structures at 80 °C, surrounded 
by even smaller structures that are similar in size to the arsenic-rich surface debris. Figure 9f provides one constit-
uent component of magnetic induction seen in Fig. 9e, indicated by the double-headed blue arrows, which allows 
for quantitative measurements. A 40-line average profile (boxed region, red) was taken across the vortex structure 
(Fig. 9f) and is displayed in Fig. 9g. The measured βl is on a similar scale to those seen in Fig. 6g,h (~25 µrad) and 
equates to comparable value of Bst. In a separate experiment involving cooling through the transition, we saw dis-
integration of the magnetic domains between 50 °C and 60 °C, which is consistent with hysteresis of 20 °C between 
heating and cooling shown in Fig. 1c.
Discussion
This combined in situ TEM and DPC imaging study has provided a visual and quantitative investigation of the 
magnetostructural transition in planar FeRh thin films, prepared via FIB methods or HF-etching. Chemical 
analysis and HR imaging of cross-sections of samples 1 and 2 confirmed the epitaxial growth of single crys-
talline FeRh on the MgO substrate or NiAl buffer layer, respectively. In addition, SAED patterns from planar 
TEM lamellae of samples 1–3 further reinforced the evidence for the epitaxial growth of single crystalline FeRh, 
whilst their corresponding thickness profiles from EELS analysis revealed all samples were electron transparent. 
EDX chemical maps of sample 3 confirmed the HF-etching preparation produced a FeRh thin film and revealed 
small arsenic-rich debris dispersed across the sample, which were evident in the thickness profile of sample 3. 
Nevertheless, all three FeRh thin film samples were successfully prepared in planar view for TEM investigation of 
their magnetic behaviour using DPC imaging.
Initial DPC imaging of samples 1 and 2 (Fig. 5a,b) during in situ heating revealed complex systems of magnetic 
domains with varied directionality. Whilst the native magnetic state directly after preparation using FIB methods may 
represent a low energy configuration, it was difficult to isolate individual magnetic domains and perform quantitative 
measurements. Hence, it was necessary to uniformly magnetise the FeRh thin film whilst in the FM state; annihilating 
all the DWs by combining the use of an in-plane 50 mT magnetic field of the objective lens with x-tilting. Application 
of magnetic fields of increasing strength in the opposite direction then allowed for the nucleation and driving of DWs, 
providing a condition of parallel DWs considered favourable for quantitative measurements of βl. Direct measurements 
of βl from the DWs as a function of temperature revealed contrasting thermomagnetic behaviour between sample 
1 and 2. It is evident that sample 1 is strongly FM at 20 °C, with a calculated saturation induction of ~0.82 T, and its 
spontaneous magnetic induction steadily decreases with temperature as the FeRh film approached its TC, demagnet-
ising at ~425 °C. In contrast, sample 2 is observed to be weakly FM at 20 °C, with a calculated saturation induction of 
~0.21 T. A subsequent rapid increase in magnetic induction is seen from ~0.24 T at 60 °C to ~0.68 T at 100 °C, reaching 
a maximum of ~0.72 T at 120 °C and again steadily decreasing with increasing temperature, demagnetising at ~430 °C. 
The plot of saturation induction as a function of temperature in sample 2 is very similar to that of bulk measurements 
of equiatomic FeRh3, as demonstrated in Fig. 1b. Hence, it is considered the FIB sample preparation for TEM analysis 
has altered the FeRh of sample 1 to induce ferromagnetism, whereas the magnetostructural transition in sample 2 is 
somewhat preserved, with evidence of weak ferromagnetism at 20 °C.
Considering the main difference between the FeRh thin films in samples 1 and 2 are their respective substrate 
or buffer layer, it is necessary to consider the effect of the Ga+ ion beam during FIB preparation. The FeRh in 
sample 1 was grown epitaxially on MgO, a tough but brittle ceramic, and ion implantation has been shown to 
introduce defects in MgO in the form of high density microcracks31, resulting in a change in lattice parame-
ter32. Further, strain in ultra-thin FeRh films (<10 nm) has been shown to alter the transition temperature33 
and room temperature ferromagnetism at the interface between Rh-terminated surfaces of FeRh and MgO has 
been reported34. All these factors are considered to contribute to inducing ferromagnetism of the FeRh thin film 
observed in sample 1 through the FeRh-MgO interface. In contrast, the NiAl buffer layer is not grown epitaxially 
on the GaAs substrate, which is considered markedly soft relative to MgO, and hence Ga+ ion irradiation of the 
GaAs would have minimal effect on the interplanar spacing of the NiAl through the non-epitaxial interface, 
allowing the FeRh to mostly retain its magnetostructural transition. However, the residual weak FM moment at 
20 °C can be attributed to clamping of the FeRh lattice at the interface with NiAl buffer layer35 (seen in Fig. 1b,c), 
as well as experiencing a degree of Ga+ irradiation, which has been shown to modify the magnetic properties of 
FeRh36, and would affect both samples 1 and 2.
The magnetostructural transition was most clear in sample 3, where fine details of the nucleation and evolu-
tion of magnetic domains with temperature were easily interpreted, due to the HF-etching of the substrate not 
noticeably affecting the integrity of the FeRh thin film. The DPC imaging suggests the transition from AF to FM 
regions occurs through nucleation of small vortex structures, which then grow through combining with newly 
nucleated vortex states via uniformly magnetised strings into larger complex magnetic domains. As temperature 
increases the magnetic network evolves into a system of generally larger uniformly-magnetised domains, where 
the FeRh is considered to be in a fully-FM state. Measurements of βl from vortex structures in sample 3 were 
acquired at lower temperatures (80 °C), but it would be challenging to quantify the transition in a similar fashion 
as samples 1 and 2 due to the dynamic nature of the nucleation, growth and agglomeration of the domains and 
their DWs. For this reason, it could be said that the FIB damage that induced a small amount of FM in sample 2 
facilitated a more accessible form of monitoring the magnetostructural transition from an individual DW, at tem-
peratures considered below the transition seen in the bulk equivalent3. Nevertheless, the HF-etching and dynamic 
evolution of the magnetism in sample 3 is recognised as the most promising candidate for a more in-depth and 
localised examination of the true complexities of the magnetostructural transition in FeRh thin films. Further, 
due to the higher resolution of DPC imaging, this study has confirmed that an advanced new level of detail in 
understanding the magnetic transition in FeRh is achieved in comparison to other imaging techniques, such as 
XMCD-PEEM and SEMPA.
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Methods
Electron microscopy. All the imaging, diffraction and spectroscopy described in this paper were carried 
out on a JEOL Atomic Resolution Microscope (JEM-ARM200F) TEM, operating at 200 kV20. This microscope is 
equipped with a cold field emission gun and a CEOS (Corrected Electron Optical Systems GmbH) probe correc-
tor for STEM imaging. Conventional and HR STEM imaging were performed on cross-sectional and planar TEM 
samples of the FeRh films/substrates, whilst SAED acquired in TEM mode provided structural information. Both 
EDX and EELS provided chemical analysis of the samples. The sample thickness was determined by the spectrum 
imaging technique in STEM mode37, whereby low-loss EELS spectra acquired from each pixel were used to calcu-
late values of t/λ. These calculations were performed using the Digital MicrographTM software package. The mean 
free path, λ, was determined from the density of equi-atomic FeRh and the TEM beam conditions, i.e., acceler-
ating voltage, convergence and divergence angles, etc. and substituted into t/λ to calculate the relative thickness 
repetition, with a standard deviation of 6%. The magnetic structure of the FeRh films was visualised using DPC in 
Lorentz mode under low-magnetic field conditions or with an in situ applied field. DPC imaging was carried out 
with the HR objective lens pole piece switched off, with the samples positioned in the low-strength remanent field 
of the lens (~150 Oe out of plane). An 8-segment silicon photodiode array detector (supplied by DebenUK Ltd) 
was used for the DPC imaging. The signal from the detectors was converted and amplified using the “Superfast” 
amplifier (Andrew Armit Designs). The 8 detected signals were acquired, mixed and displayed via four Gatan 
DigiscanII units. In addition, combining DPC with in situ heating using the DENSsolution e-chips (up to 430 °C) 
or Gatan heating holder (up to 150 °C) allowed for direct access to the thermomagnetic behaviour of the DWs and 
magnetostructural transition within the FeRh films.
Magnetic measurements. For comparison with bulk magnetic measurements from the entire thin 
films, thermomagnetic analysis of the FeRh samples was performed in a SQUID-VSM. These measurements 
were acquired by applying an in-plane saturating field and measuring the magnetic moment as a function of 
temperature.
Data and materials availability. All data needed to evaluate the conclusions of this study can be found the 
at the following link http://dx.doi.org/10.5525/gla.researchdata.558.
References
 1. Kudrnovský, J., Drchal, V. & Turek, I. Physical properties of FeRh alloys: The antiferromagnetic to ferromagnetic transition. Phys. 
Rev. B. 91, 014435 (2015).
 2. Marti, X. et al. Room-temperature antiferromagnetic memory resistor. Nat. Mat. 13, 367–374 (2014).
 3. Lewis, L. H., Marrows, C. H. & Langridge, S. Coupled magnetic, structural, and electronic phase transitions in FeRh. J. Phys. D: Appl. 
Phys. 49, 323002 (2016).
 4. Baldasseroni, C. et al. Temperature-driven nucleation of ferromagnetic domains in FeRh thin films. APL 100, 262401 (2012).
 5. Le Graët, C. Temperature controlled motion of an antiferromagnet- ferromagnet interface within a dopant-graded FeRh epilayer. 
APL Mater. 3, 041802 (2015).
 6. Lee, Y. et al. Large resistivity modulation in mixed-phase metallic systems. Nat. Comm. 6, 5959 (2015).
 7. Kinane, C. J. et al. Observation of a temperature dependent asymmetry in the domain structure of a Pd-doped FeRh epilayer. New J. 
Phys. 16, 113073 (2016).
 8. Mariager, S. O., Le Guyader, L., Buzzi, M., Ingold, G. & Quitmann, C. Imaging the antiferromagnetic to ferromagnetic first order 
phase transition of FeRh, arXiv:1301.4164v1 (2013).
 9. Zhou, X., Matthes, F., Bürgler, D. E. & Schneider, C. M. Magnetic surface domain imaging of uncapped epitaxial FeRh(001) thin 
films across the temperature-induced metamagnetic transition. AIP Adv. 6, 015211 (2016).
 10. Matsuyama, H. & Koike, K. Twenty-nm Resolution Spin-polarized Scanning Electron Microscope. J. Electron Microsc. 43, 157.
 11. Jamet, S. et al. Quantitative analysis of shadow X-ray Magnetic Circular Dichroism Photo-Emission Electron Microscopy. Phys. Rev. 
B 92, 144428 (2015).
 12. Kohashi, T. & Koike, K. A Spin-Polarized Scanning Electron Microscope with 5-nm Resolution, Jpn. J. Appl. Phys. 40, L 1264–L 1266 
(2001).
 13. Koike, K. Spin-polarized scanning electron microscopy. Microscopy 62(1), 177–191 (2013).
 14. O’Shea, K. J., McVitie, S., Chapman, J. N. & Weaver, J. M. R. Direct observation of changes to domain wall structures in magnetic 
nanowires of varying width. APL 93, 202505 (2008).
 15. Benitez, M. J. et al. Magnetic microscopy and topological stability of homochiral Néel domain walls in a Pt/Co/AlOx trilayer. Nat. 
Comm. 6, 8957 (2015).
 16. Almeida, T. P. et al. Visualised effect of oxidation on magnetic recording fidelity in pseudo-single-domain magnetite particles. Nat. 
Comm. 5, 5154 (2014).
 17. Almeida, T. P. et al. Observing thermomagnetic stability of non-ideal magnetite particles: Good paleomagnetic recorders? Geophys. 
Res. Lett. 41, 7041–7047 (2014).
 18. Almeida, T. P. et al. Direct visualization of the thermomagnetic behaviour of pseudo-single-domain magnetite particles. Sci. Adv. 2, 
e1501801 (2016).
 19. Almeida, T. P. et al. Direct observation of the thermal demagnetization of a vortex structure held by a non-ideal magnetite recorder. 
Geophys. Res. Lett. 43, 8426–8434 (2016).
 20. McVitie, S. et al. Aberration corrected Lorentz scanning transmission electron microscopy. Ultramicroscopy 152, 57–62 (2015).
 21. Krajnak, M., McGrouther, D., Maneuski, D., O’ Shea, V. & McVitie, S. Pixelated detectors and improved efficiency for magnetic 
imaging in STEM differential phase contrast. Ultramicroscopy 165, 42–50 (2016).
 22. McGrouther, D. et al. Internal structure of hexagonal skyrmion lattices in cubic helimagnets. New J. Phys. 18, 095004 (2016).
 23. Duchamp, M., Xu, Q. & Dunin-Borkowski, R. E. Convenient Preparation of High-Quality Specimens for Annealing Experiments in 
the Transmission Electron Microscope. Microsc. Microanal. 20, 1638–1645 (2014).
 24. O’Shea, K. J. et al. Fabrication of high quality plan-view TEM specimens using the focused ion beam. Micron 66, 9–15 (2014).
 25. Gatel, C. et al. Inhomogeneous spatial distribution of the magnetic transition in an iron-rhodium thin film. Nat. Comm. 8, 15703 
(2017).
 26. Almeida, T. P. et al. Preparation of high-quality planar FeRh thin films for in situ TEM investigations. J. Phys.: Conf. Ser. 903, 012022 
(2017).
www.nature.com/scientificreports/
1 1Scientific REPORTS |  (2017) 7:17835  | DOI:10.1038/s41598-017-18194-0
 27. O’Shea, K. J. et al. Nanoscale Mapping of the Magnetic Properties of (111)-Oriented La0.67Sr0.33MnO3. NanoLett. 15 (9)(9), 
5868–5874 (2015).
 28. Le Graët, C. et al. Sputter Growth and Characterization of Metamagnetic B2-ordered FeRh Epilayers. J. Vis. Exp. 80, e50603 (2013).
 29. Russell, C. et al. Spectroscopy of polycrystalline materials using thinned-substrate planar Goubau line at cryogenic temperatures. 
Lab chip 13, 4065–4070 (2013).
 30. Cowburn, R. P., Koltsov, D. K., Adeyeye, A. O. & Welland, M. E. Single-Domain Circular Nanomagnets. Phys. Rev. Lett. 83, 
1042–1045 (1999).
 31. Gurarie, V. N., Otsuka, P. H., Williams, J. S. & Conway, M. Ion beam modification of thermal stress resistance of MgO single crystals 
with different crystallographic faces. Nucl. Instrum. Methods Phys. Res., Sect. B 178, 138–143 (2001).
 32. Averback, R. S., Ehrhart, P., Popov, A. I. & Sambeek, A. v. Defects in ion implanted and electron irradiated MgO and Al2O3. Radiat. 
Eff. Defects Solids 136, 169–173 (1995).
 33. Barton, C. et al. Substrate Induced Strain Field in FeRh Epilayers Grown on Single Crystal MgO (001) Substrates. Sci. Rep. 7, 44397 
(2017).
 34. Pressacco, F. et al. Stable room-temperature ferromagnetic phase at the FeRh(100) surface. Sci. Rep. 6, 22383 (2016).
 35. Fan, R. et al. Ferromagnetism at the interfaces of antiferromagnetic FeRh epilayers. Phys. Rev. B. 82, 184418 (2010).
 36. Aikoh, K., Kosugi, S., Matsui, T. & Iwase, A. Quantitative control of magnetic ordering in FeRh thin films using 30 keV Ga ion 
irradiation from a focused ion beam system. J. Appl. Phys. 109, 07E311 (2011).
 37. Jeanguillaume, C. & Colliex, C. Spectrum-image: the next step in EELS digital acquisition and processing. Ultramicroscopy 28, 252 
(1989).
Acknowledgements
The authors thank the EPSRC (grants EP/M019020/1 & EP/M018504/1) and Diamond Light Source for funding.
Author Contributions
T.P.A. designed and carried out the experiments; C.H.M., D.M., S.M. and T.M. conceived the experiment; J.M. 
and R.T. synthesised and provided the samples; D.M and K.F assisted with the experimental work; T.P.A, C.H.M, 
D.M., K.F.A. and S.M. analysed the results. T.P.A. led the writing of the paper and all authors reviewed the 
manuscript.
Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-18194-0.
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017
